A very slow oxidation of dimethylsulfoxide (dmso) solvated tin(II) ions in solution results in the formation of a crystalline, structurally determined compound, [CH 3 Sn(OS(CH 3 ) 2 ) 5 ](ClO 4 ) 3 , whereas a similar reaction in N,N-dimethylthioformamide (dmtf) forms a crystalline solid with a proposed binuclear [Sn 2 (SH) 2 (SCHN (CH 3 ) 2 ) 8 ] 6+ entity but whose exact formula remains undetermined. Both solids precipitate with time in their respective mother liquids and constitute the first two tin(IV) and even tetravalent d 10 metal ion solvate complexes ever reported. An EXAFS study showed that the structure of the [CH 3 Sn(OS(CH 3 ) 2 ) 5 ] 3+ complex is identical in solid state and dmso solution. While the exact chemical reaction pathways are unknown, the formation of these complexes constitute a novel way of obtaining solvated tin(IV) ions in standard, commonplace organic media. † Electronic supplementary information (ESI) available: Fits of the raw EXAFS data and their Fourier transforms, plots of unit cells of the reported crystal structures and their respective crystallographic information files (.cif ), and the summary of previously reported high-valent d 10 structures in the solid state. CCDC 1873377. For ESI and crystallographic data in CIF or other electronic format see
Introduction
The current research of solar cells focuses heavily on different forms of perovskite structures as the light-harvesting active layer. 1 Very often, such structures include a lead or tin halidebased material, which has increased the efficiency drastically over the last few years using two main routes of manufacturing: solution-processing techniques and chemical vapor deposition. 2 Fundamentally, both of these techniques are based upon the understanding of the electronic nature of these elements. Chemically speaking, the heavier elements in group 14, tin and lead, mainly feature oxidation states +II and +IV with preference for +II for lead and +IV for tin. Tin displays stable chemistry for both oxidation states in water, while the chemistry of lead is dominated by lead(II) with lead(IV) compounds being strong oxidants in aqueous systems. The coordination chemistry of tin(II) and lead(II) is strongly affected by occupied anti-bonding orbitals causing large voids, so-called gaps, in their coordination spheres. [3] [4] [5] [6] This is not the case for the tetravalent ions, but for neither tin(IV) nor lead(IV), no hydrate or solvate structures have previously been reported. We have made several attempts to prepare aqueous solutions of hydrated tin(IV) ions in strongly acidic solution, but it always resulted in precipitation of solid tin(IV) oxide, SnO 2 .
The coordination chemistry of tin(IV) with (hydr)oxide ions is strongly dominated by a few different types of tin(IV) ions: (i) hexahydroxidostannate(IV) complexes, [Sn(OH) 6 ) n , respectively, and in tin(IV) oxide, 2.052 Å. The mean Sn-O bond distance for all six-coordinate stannate(IV) complexes of type (i-iii) is 2.052 Å, Table S1 , † including almost 100 separate structures. With the exception of the hexahydroxidostannate(IV) compounds, only one other, simple tin(IV) complex, a hexanitratostannate(IV), has been reported, with a mean Sn-O bond distance of 2.072 Å. 9 Also, five compounds with isolated tetrahedral tetraoxostannate(IV) ions, [SnO 4 ] 4− , with a mean Sn-O bond distance of 1.957 Å, are found in the literature, Table S1 . †
The coordination chemistry of tin(IV) with various anionic organic O-donor ligands is also predominately six-coordinate, with a mean Sn-O bond distance of 2.054 Å, though a few seven-and eight-coordinate compounds have been reported with mean Sn-O bond distances of 2.127 and 2.175 Å, respectively, Table S1 . † There are two examples of tin(IV) ions with a lower coordination number, both including t-butyloxide: a four-coordinate compound with a mean Sn-O bond distance of 1.948 Å, 10 and a five-coordinate one with mean Sn-O bond distance of 2.011 Å. 11 Not surprisingly, in tin(IV) complexes and compounds with sulfur-donor ligands, lower coordination numbers are more frequent than among oxygen donors, given the relatively larger size and higher covalence of sulfur. The Cambridge Structural Database lists over 130 four-coordinate, 39 five-coordinate, and 45 six-coordinate tin(IV) structures with S-donors, 8 and in addition a small number of binuclear complexes, Table S2 . † Furthermore, a fairly large number of octahedral hexahalostannate(IV) complexes, particularly [SnF 6 ] 2− and [SnCl 6 ] 2− , has been reported in the solid state, 7,8 though they lie outside the scope of this structural investigation.
The aim of this study was to explore the contents of dimethylsulfoxide (dmso) and N,N-dimethylthioformamide (dmtf ) solutions of tin(II) prepared for the study the coordination chemistry of tin(II). 3 They were stored for 12 years in closed vessels at room temperature and, when opened, the dmso solution had an intense and characteristic smell of dimethylsulfide, (CH 3 ) 2 S. This strongly indicated that at least part of the dmso had been reduced and that an oxidation product had formed. Similarly, in the dmtf solution, another oxidation product had formed, where tin(II) upon being oxidized to tin(IV) had reduced some of the dmtf.
Experimental section

Chemicals
The preparation procedures of the studied tin(II) dmso and dmtf solutions are described in detail elsewhere. 3 These solutions were stored in closed glass vials at room temperature for 12 years. The volume of the dmso solution was reduced by evaporation under vacuum and pentakis(dmso)methyltin(IV) perchlorate, [CH 3 Sn(OS(CH 3 ) 2 ) 5 ](ClO 4 ) 3 , 1, precipitated after refrigeration. As for the dmtf solution, crystals had precipitated with time in the dmtf mother liquid, 2. However, the quality of these crystals was not sufficient for an accurate crystallographic structure determination, though it was possible to find the principle atomic arrangement.
Single-crystal X-ray diffraction
Data were collected on a Bruker SMART CCD 1 k diffractometer at ambient room temperature. The crystals were mounted in glass capillaries, which were sealed immediately after mounting. The structures were solved by standard direct methods in the SHELX 2016/6 program package 12 and refined by full matrix least-squares isotropically on F 2 and finally in anisotropic approximation on all non-hydrogen atoms, unless noted. Hydrogen atoms detected in the difference Fourier syntheses were added and refined using a riding model. All structure solutions were performed with the SHELXL 2016/6 programs in its PC version. 12 Selected crystal and experimental data is summarized in Table 1 . Additional crystallographic data is available in Tables S3a and S3b. †
EXAFS data collection and treatment
X-ray absorption data was collected at the Stanford Synchrotron Radiation Lightsource (SSRL), using the unfocussed 8-pole wiggler beam line 4-1. SSRL operated at 3.0 GeV and a ring current of 200 mA in top-up mode. The radiation was mono-chromatized by a Si(220) double-crystal monochromator, which was detuned to 30% of maximum intensity to reduce higher order harmonics at the end the scans. The data was collected in transmission mode using ion chambers with a gentle flow of argon. Three scans per sample were collected and averaged.
The EXAFS oscillations were extracted from averaged raw data using standard procedures for pre-edge subtraction, spline removal and data normalization. In order to obtain quantitative information of the coordination structure of the tin(IV) complex, the experimental k 3 -weighted EXAFS oscillations were analyzed by linear least-squares fits of the data to the EXAFS equation, refining the model parameters number of backscattering atoms, N i , mean interatomic distances R, Debye-Waller factor coefficients, σ 2 , and relative ionization energy, ΔE o . Data analysis was performed using the EXAFSPAK program package. 13 The energy scale of the X-ray absorption spectra was calibrated by assigning the first inflection point of a metallic tin foil to 29 198 eV. 14 The sample cell for the solution was made of a 1.5 mm Teflon® spacer and 6 µm polyprolyene X-ray film windows hold together with titanium frames. The solid was placed in a 2 mm thick aluminium frame with Mylar® tape windows. The analysis of the data was performed with the EXAFSPAK 13 and FEFF7 program 15 packages allowing the determination of the parameters of the local structure around the tin(IV) ion. 
The standard deviations reported for the obtained refined parameters listed in Table 3 are those related to the leastsquares refinements and do not include any systematic errors. Variations in the refined parameters obtained using different models and data ranges indicate that the accuracy of the distances given for the separate complexes is within ±0.005-0.02 Å, which is typical for well-defined interactions.
Results and discussion
Structure of the dimethylsulfoxide solvated methyltin(IV) ion Tin(II) is slowly oxidized to tin(IV) and dmso is reduced to dimethylsulfide, characterized by its intense smell, in a dmso solution of tin(II) perchlorate. 3 After reducing the volume of the solution by evaporation and cooling in refrigerator crystals of pentakis(dmso)methyltin(IV) perchlorate [CH 3 Sn(OS(CH 3 ) 2 ) 5 ] (ClO 4 ) 3 , 1, of sufficient quality for a crystallographic study were obtained. The crystal structure of 1 shows that tin(IV) binds five dmso molecules, mean Sn-O bond distance 2.099 Å, and a methyl group at 2.113 Å in a slightly distorted octahedral fashion, with an overall mean Sn-O/C bond distance of 2.101 Å, Table 2 . The methyl group originates from the deterioration products of reduced dmso, as tin(II) oxidizes to tin(IV), and the covalent Sn-C bond reduces the effective charge of the complex, thereby further stabilizing it. The structure of the [CH 3 Sn(OS(CH 3 ) 2 ) 5 ] 3+ unit is shown in Fig. 1 , selected Sn-O/C bond distances and O-Sn-O/C bond angles are given in Table 2 , the position of the complex in the unit cell is shown in Fig. S1 , † with the full .cif file listed in Table S3a . † An EXAFS study of solid 1 and the dmso solution from which 1 precipitated show that the structure of the [CH 3 Sn(OS (CH 3 ) 2 ) 5 ] 3+ unit is maintained in dmso solution as their EXAFS spectra can be superimposed on each other, Fig. 2 , with structure parameters in very close agreement with the crystallo-graphic structure of 1. It was not possible to separate the EXAFS scattering contribution of the Sn-O and Sn-C pathways, which are instead presented as an overall mean Sn-O/C bond distance of 2.097 Å, Table 2 . The structure parameters are summarized in Table 3 , and the fits of the EXAFS spectra in Thermal ellipsoids (at 50% probability) are shown for all atoms; hydrogens have been removed for clarity. Fig. 2 The almost identical raw EXAFS spectra of solid 1 (red line) and a dmso solution of 1 (black line) show that the structure of the [CH 3 Sn(OS (CH 3 ) 2 ) 5 ] 3+ unit in 1 is maintained in dmso solution. N,N-Dimethylthioformamide solvated tin(IV) ion
Just as in the dmso solution, after more than a decade of storage, tin(II) reduces part of the dmtf molecules, in this case to (hydrogen)sulfide ions and dimethylamine, while itself is oxidized to tin(IV). The exact chemical reaction taking place and the required time are unknown. The crystals precipitating with time were not of sufficient quality for an accurate structure determination. However, the most electron-dense atoms, tin and sulfur, could be located. Two sulfur atoms, tentatively assigned as hydrogen sulfide ions, bridge the two tin(IV) ions and the octahedral coordination geometry around each tin(IV) ion is completed by four dmtf molecules, Fig. 3 . Such a bonding arrangement is similar to patterns observed before for similar dmtf complexes, 16 but also for similar structures involving tin(IV) and anionic S-donor ligands, Table S2 . † Even though this structure could not be fully characterized, as the first tin(IV) structure with primarily neutral and exclusively monodentate S-donor ligands binding to tin(IV) it is definitely an interesting novel compound worth reporting. The basic structural information of 2 is listed in Table S3b † with the proposed position of the binuclear entity in the unit cell in Fig. S2 . †
Comparison with other high-valent d 10 metal ions
As stated in the Introduction, the use of both tin 17 and lead 18 ions is common in perovskite-based solar cells, and other similar cells where their chemistry is advantageous. The other elements which exist as highly charged d 10 ions, gallium(III), 19 indium(III), 20 thallium(III), 21 and germanium(IV), 22 are also of interest within the broader terms of manufacturing semiconducting substrates, which makes a comparison between all of these chemical species valuable. Although the amount of structural data available is fairly limited, Tables S1, S4 and S5, † it is still enough to compare the calculated ionic radii for these ions in regard to those listed by Shannon, 23 Table 4 . The covalency between the tin(IV) ion and the methyl group makes any comparison between it and the remaining highvalent ions futile, as the charge reduction is significant which directly affects the resulting ionic radius of methyltin(IV). In fact, the effect of such a bond can be seen in a comparison of bond distances in monodentate Sn IV O 6 , CH 3 Sn IV O 5 , and (CH 3 ) 2 Sn IV O 4 cores, Table 5 . The covalent bond between tin(IV) and the methyl group has a significant effect on the mean Sn-O bond distance, which increases on average by 0.060 Å when one methyl group coordinates the tin(IV) ion and an additional 0.096 Å when a second one is attached. It should be noted that methyltin(IV) represents approximately one fourth of all the sixcoordinate compounds with an Sn-C bond. 8 Conclusions Tin(II) seems to be stable in aqueous solution over long periods of time, while in organic solvents, such as dmso and dmtf, the solvent is slowly reduced and tin(II) oxidized to tin(IV). In dmso, methyltin(IV) is formed, which just like dimethyltin(IV) generally feature octahedral coordination. The formation of a Sn-CH 3 bond greatly affects the mean Sn-O bond distances, when compared to those where tin(IV) ions only bind to O-donor ligands.
Here, the first solvate complex of methyltin(IV) has been reported and structurally characterized, [CH 3 Sn(dmso) 5 ] 3+ . Conversely, in dmtf, the solvent is reduced to (hydro)sulfide ions and a [Sn 2 (dmtf) 8 (SH) 2 ] 6+ structural entity has been identified. These two solvate complexes add to the ever-expanding knowledge of solution-processing techniques used in the production of solar cells. Though this is a brief structural study and further experiments are required, the results presented herein could be a vital step in the development of a fairly straightforward wet chemical treatment of crystalline films. hyd./sol. 1.957 [11] 2.130 [9] 2.229 [5] n/a n/a n/a Tables S4 and S5 OH − 1.973 [7] 2.160 [2] 2.257 [1] 1.905 [5] 2.049 [20] 2.158 [4] Tables S1, S4 and S5 r M n+ 0.617 0.790 0.889 n/a n/a n/a 24 r M n+ Sh.
0.620 0.800 0.885 0.530 0.690 0.775 23 Table S6b a One compound with a (C 6 H 5 ) 3 Sn IV O 3 core, 25 has been reported with mean d(Sn-C) = 2.174 Å and d(Sn-O) = 2.233 Å, respectively.
